The nonamer r(GCUUCGGC)dBrU, where dBrU is 5-bromo-2'-deoxyuridine, contains the tetraloop sequence UUCG. It crystallizes in the presence of Rh(NH3)6CI3. In solution the oligomer is expected to form a hairpin loop but the x-ray structure analysis, to a resolution of 1.6 A, indicates an eight-base-pair A-RNA duplex containing a central block of two GNU and two C U pairs. Self-pairs which approximate to Watson-Crick geometry are also formed in the extended crystal structure between symmetry-related BrU residues and are part of infinite double-helical stacks. The G U pair is a wobble base pair analogous to the GOT pair found in DNA fragments. The CU mismatch involves one hydrogen-bonded contact between the bases and a bridging water molecule which ensures a good fit ofthe base pair in the RNA helix. The BrU BrU pair is held by two hydrogen bonds in an orientation which is compatible with duplex geometry. The structure observed within the crystal has some parallels with the structure of globular RNAs, and the presence of stable, noncanonical base pairs has implications for the prediction of RNA secondary structure.
Tertiary structure is essential to the biological function of many single-stranded RNAs. Base pairing between complementary segments in a sequence generates a series of doublehelical stems that connect unpaired regions or loops. These can fold further into compact assemblies stabilized by additional hydrogen bonds and by hydrophobic and electrostatic interactions (1) . The various levels of structural order are most completely characterized in tRNAs, for which a number of crystal structures have been determined (2) (3) (4) . In the case of larger and more complex RNA species, including ribosomal components and RNase P, present understanding of secondary structure relies heavily on assumptions about the relative stabilities of possible base-pairing arrangements (5) . These follow the specificities of adenine for uracil and guanine for cytosine observed in both ribonucleotides and deoxyribonucleotides during replication and transcription and are also mirrored in the experimentally measured stabilities of short oligonucleotide duplexes. Although the double helix is a central feature of these systems, none is a conspicuously direct model of the environment within a globular RNA structure.
The present analysis of an RNA double helix is the second to be reported for an oligonucleotide containing a "tetraloop" sequence. Tetraloops are common in natural singlestranded RNA and, although the stems of such structural elements are variable, the unpaired regions are found to be tetranucleotides of mainly two types: a group with the general sequence r(GNRA) and the specific r(UUCG). Examples of both classes have been examined extensively in solution, where they exist as monomeric, thermally stable, looped species which parallel the behavior of the parent sequences in RNA of higher molecular weight (6, 7) .
In crystals of both the present sequence and a dodecamer studied by Holbrook et al. (8) Stucture Analysis. The structure was solved in several stages. First, the heavy atoms were located from difference Patterson maps between the isomorphous iridium and rhodium complexes and from anomalous difference Patterson maps for each derivative alone using the FAST data set. Two heavy-atom sites were located and refined by using only the iridium data set.
The next stage used the molecular replacement program AMORE (9) . It is possible with this program to build a model from several structural elements, rotate and translate each independently, and test all possible combinations of solutions.
The present analysis used three elements. A translational search confirmed the heavy-atom positions. Next a model was constructed from the coordinates of the central region of eight bases of the dodecamer sequence r(GGACUUCG-GUCC) (8) , kindly provided by S. R. Holbrook. The terminal bases were changed on a graphics system for the correct sequence (A changed to G and U to C at positions 1 and 8) . When the model was constructed the bases were labeled G1 to BrU9 in the 5'-to -3' direction on strand 1, and G10 to BrUl8 in the 5'-to -3' direction on the second strand. A double helix was generated from this single strand by a twofold symmetry operator. The second strand could have been located from peaks obtained by AMORE, but introduction of symmetry speeded up convergence.
Finally, one of the BrU residues was added to the model independently of the double helix already located, by using published coordinates (10) . The second BrU was expected to show up in the searches but this position, as subsequently discovered, was disordered and only one BrU peak appeared.
By using the optimal solutions from AMORE the different parts of the model were linked together and checked for unfavorable interactions. The complete ensemble was refined as a rigid body and converged to an R factor of42% with 1547 structure factors at a resolution of 2.1 A.
Refinement was continued with XPLOR (11) using data between 10 and 1.6 A. 2Fo -Fc and Fo -Fc Fourier maps were calculated and examined on a graphics system. The second BrU was found in two disordered positions around the twofold axis at the origin. These were included in the refinement with 50% occupancy, as well as two further minor rhodium positions with partial occupancy. Water molecules were gradually included on the basis of reasonable bond distances (2.6-3.1 A) and angles (90-130°) toward polar atoms of the duplex or neighboring solvent positions. The refinement converged to a R value of 18.0% for 6093 structure factors above 2cr with 55 water molecules. The atomic displacement parameters (B values) at the double-helical regions are 5-10 A2. Those of the disordered BrU are 24 and 29 A2, while B for water oxygens ranges from 6 to 30 A2. A detailed report of the methods used in the analysis will be published elsewhere.
RESULTS
Structure of r(GCUUCGGC)dBrU. The asymmetric unit of the crystal structure consists of two chemically equivalent strands of the nonamer r(GCUUCGGC)dBrU. The RNA portions form an antiparallel double helix with four Watson-Crick base pairs and four mismatched base pairs, U3IG15, U4.C14, C5.UU3, and G6CU12. The discovery that the molecule crystallizes as a duplex was unexpected, since sequences with self-codiplementary elements separated by the tetraloop motif r(UUCG) typically form looped structures in solution. A similar double helix was found in the RNA dodecamer by Holbrook et al. (8) .
The double-helical region has almost perfect twofold symmetry, although the two strands were allowed to refine independently. The symmetry is manifest both in the equivalence of the various helical parameters (Table 1) and from a least-squares superposition calculation. With all atoms other than those of the two BrU residues the mean deviation between the two strands is 0.68 A.
The principal deviation is at the a and 'y torsion angles between G'5 and G16 on strand 2, which changes the orientation around the C4'-C5' bond between two gauche positions. This may well be due to the effect of Rh21, which is in the major groove, close to G16 and G17 as described in the next section.
The double helix is generally of the A-RNA type with individual torsion angles within the ranges typical of this form. The average rise per residue is 2.8 A and the helix rotation is 37.4°, giving 9.63 base pairs per turn. The corresponding values for the RNA dodecamer structure are 2.93 A, 32.10, and 11.2; and for the canonical A-RNA; 2.81 A, 32.70, and 11.0. The sugar conformation is C3'-endo throughout with pseudorotation angles between 14°and -2°except for the deoxyribose of BrU9 (P = 21°).
The BrU residues are not related by the twofold symmetry of the duplex. BrU9 at the 3'-end of strand 1 is directed away from the helix. BrU18 on strand 2 is disordered between two positions both directed to the helical core as discussed below.
G-U Mismatch. The G-U base pairs identified in the present analysis are shown in Fig. 1 , superimposed on the electron density map at 1.6-A resolution. The analogous G-T base pairs have been well characterized in crystal structures of DNA fragments in A, B, and Z conformations (12); G-U pairs themselves have been observed in stem regions of tRNA (2-4) and the RNA dodecamer (8) . In all these structures the mismatched base pairs are of the "wobble" type ( Fig. 1) with one hydrogen bond between N3 of the pyrimidine and 06(G) and a second between 02 ofpyrimidine and N1(G Fig. 1 . In the present structure, as in the RNA dodecamer, the 2'-hydroxyl group participates in the network connecting 02'(U) to N2(G) through an intermediate water molecule. In oligodeoxynucleotides an analogous bridge is formed between 02 and N2 of the same residues. C*U Mistch. Classically, speculations on the mechanism of base pairing between pyrimidines have led to structures of limited compatibility with standard double-helix geometry, a hypothesis which seemed to be supported by the poor crystallinity of such mismatch-containing sequences. The present, high-resolution structure demonstrates a configuration of the C*U pair that can be accommodated in an A-RNA duplex with only minor distortions. In Fig. 2 (Fig. 3) . Different stacking interactions are utilized at the two ends of the molecule. At 0,0,1/2 contact occurs with stacking between the terminal C8 G10 base pair ofthe octamer core and that ofits symmetryrelated neighbor. BrU9 does not participate in this stacking but occupies the minor groove of the symmetry-related duplex (represented by *) (Fig. 4) .
There are two close contacts between the deoxyribose ring and this duplex: a hydrogen bond between 04'(BrU9) and 02(Cll*) (2.61 A) and another between 03'(BrU9) and N2(G7*) ( the phosphate groups of the backbone and localization of the base planes in van der Waals contact with their neighbors, allow the orientation of the pyrimidine rings to be determined unambiguously as shown in Fig. 5 , where the BrU.BrU base pairs are superimposed on the electron density map. It should be remembered, however, that the backbone is discontinuous at this point, and that local disorder leads to high standard deviations in the atom positions.
The disorder observed in this structure is clearly a consequence of the absence of twofold symmetry of the BrU.BrU base pair that is required at this position in the unit cell. The symmetry of the molecular environment is incapable of distinguishing the two possible orientations of the base pairs, which were assigned equal occupancy in the refinement. The two orientations presumably reflect optimal stacking between the terminal COG pairs.
The parallel helical columns are linked by elaborate networks of ions and solvent molecules, only some ofwhich can be located uniquely.
The Counterions. Hexamminerhodium cations play an important role in maintaining the ordering of the molecules in the crystals. These cations are at four principal sites: Rh'9 (14) . COT is a poor substrate for the repair system in bacteria (13) (15) .
Both the present structure and the dodecamer (8) contain the sequence r(UUCG). Such sequences are known in solution to produce tetraloops of high thermal stability (16) which might be regarded as an intrinsic structural property of this sequence. In the crystal, however, both oligomers form duplexes with four adjacent U-G and U-C pairs. There appear to be no specific inter-or intramolecular interactions that conspicuously favor mismatches in either structure, nor can these pairs be attributed to the influence of the hexamminerhodium cations, which were present only in the nonamer. 
